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Chiral quantum systems have received intensive attention in fundamental physics and applications in quantum
information processing including optical isolation and photon unidirectional emission. Here, we design an on-
chip emitter-resonator system with strong chiral light-matter interaction for a chiral single-photon interface. The
system includes a microring resonator with a strong evanescent field and a near-unity optical chirality along both
of the whole outside and inside walls, allowing a strong and chiral coupling of the Whispering-Gallery mode
to a quantum emitter. By initializing a quantum dot in a specific spin ground state or shifting the transition
energy with a polarization-selective optical Stark effect, we show a broadband optical isolation at the single-
photon level over several GHz. Furthermore, a quantum emitter chirally coupling to the microring resonator can
emit single photons unidirectionally. Our protocol paves a way to realize multifunctional chiral single-photon
interface in on-chip quantum information processing and quantum networks.
Optical chirality, non-reciprocity and unidirectional emis-
sion are of particular interest in the fundamental science [1–9]
and promise important applications in modern optical systems
[10] and quantum information processing [11–15]. The re-
cent progress in these fields has led to an emerging field called
“chiral quantum optics” [9, 11, 16–26].
A strong chiral light-matter interaction is the basis of chiral
quantum optics and achieved by coupling a quantum emitter
(QE) with photon-spin dependent transitions to an electric (e-
) field, transversely confined in a subwavelength space and
consequently possessing the “spin-moment locking” (SML)
at particular positions [11, 17, 24, 25, 27–33]. Realizing chi-
ral light-matter interaction require either the magnetic-field-
induced Zeeman shift [18] or an asymmetric dipole moment
[25, 27, 34]. This letter will focus on proposing a novel chiral
interface for single photons by initializing a QE in a special
spin state or using the optical Stark control.
Although optical non-reciprocity has been well studied in
various systems and using different scenarios [34–49], optical
isolation at the single-photon level has only been reported in
quantum optical systems with chiral light-matter interaction,
based on the photonic SML [16–18, 25, 50] or the photonic
Aharonov-Bohm effect [51]. The chiral-waveguide-based
or chiral-cavity-based single-photon isolation normally has a
narrow bandwidth, typically up to tens of MHz [16, 17, 25],
limited to the edge of the band or the weak evanescent e-field
due to a large transverse dimension [16–18, 21, 25, 33, 52].
Additionally, the QE needs to be positioned precisely in a
nanosize region. Moreover, unidirectional emission of single
photons is highly desired but has only been demonstrated in a
chiral waveguide-emitter system [18, 20, 23, 24].
In this letter, we present a CMOS-compatible chiral pho-
tonic interface for single-photon isolation and unidirectional
emission. In our design, the silicon microring resonator with
a subwavelength transverse dimension has an exceptionally
FIG. 1. Schematic of the chiral quantum optical system. A micror-
ing resonator couples to a nearby waveguide and a single negatively
charged QD. The light incident to the port 1 (2) drives the CCW
(CW) mode. The polarization of the evanescent field of the CCW
mode is σ+- (σ−-) polarized near the whole outside (inside) wall,
while that for the CW mode isσ−- (σ+-) polarized. The QD is treated
as a two-level system with σ+-polarized transition.
strong evanescent e-field and a unity optical chirality (OC)
surrounding the whole outside and inside walls. Therefore,
even the resonator with a moderate quality factor 104 can
strongly couples to a negatively charged quantum dot (QD)
in a chiral way. In this, we can realize broadband single-
photon isolation, and achieve unidirectional and polarization-
deterministic single-photon emission.
Our QD-resonator system, depicted in Fig. 1, consists of
a silicon waveguide, a silicon microring resonator with the
refractive index n1 = 3.48, and a single negatively charged
QD. The resonator and the waveguide are 0.44 µm wide and
0.22 µm thick. The resonator has a 4.22 µm radius. Its
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2Whispering-Gallery modes (WGMs) decays into the waveg-
uide at a rate κex. Our numerical simulation with the finite-
difference time-domain (FDTD) method yields an intrinsic
quality factor of Qin ≈ 3.9 × 104 at the wavelength λc ∼
1.556 µm, and a mode volume Vm ∼ 1.55 µm3. The corre-
sponding resonance frequency and the intrinsic decay rate are
ωc/2pi ≈ 192.67 THz and κi/2pi ≈ 4.94 GHz, respectively,
yielding a total decay rate of κ = κex + κi ≈ 2pi × 9.88 GHz. A
higher Q factor, e.g. Q ∼ 105 at 1.55 µm, has been experimen-
tally demonstrated in a SOI mesoscopic resonator [53], even
for a smaller mode volume [54]. The relative low Q factor
of our resonator is due to the large spatial grid in simulation,
limited by available computation resource. The waveguide-
resonator gap (n2 = 1) is set to 0.19 µm that the critical cou-
pling condition is almost obtained, confirmed by a vanishing
transmission, T ∼ 0, of an empty resonator [55].
Now we design the microring resonator that the clockwise
(CW) and counterclockwise (CCW) WGMs possess the SML.
We numerically investigate the electric field distribution of
these two modes. The input light from port 1 or 2 is almost
exclusively transversally polarized, i.e. TE mode. Whereas
the light circulating in the resonator is tightly confined in the
transverse direction as a TM mode [10, 56, 57]. Thus, the
evanescent e-field near the side surfaces of the resonator has
a local longitudinal-polarizated component (Eϕ) and a trans-
verse component (Er). These two components are ±pi/2 out
of phase with each other [56], with the ± sign depending
on the propagating direction of the light (see Fig. 1). The
evanescent field of the WGM is inherently elliptically polar-
ized with its polarization locked to the propagating direction.
The complex-valued amplitude of the evanescent field is given
by Eeva = Er ± iEϕ. The ratio |Eϕ|/|Er | can be estimated as
|Eϕ|/|Er | ≈
√
1 − (n2/n1)2 [57]. In our design with n1 = 3.48
and n2 = 1, the ratio is about 0.96. Thus, the evanescent fields
are near perfectly circularly polarized, i.e. σ±-polarized.
Next, we numerically evaluate the OC of our resonator by
FDTD simulation. We first calculate the intensity difference
between the left-circularly (σ−) and right-circularly (σ+) po-
larized components, C = (|E(r) · eσ− |2 − |E(r) · eσ+ |2), at the
position r with eσ− = (ex − iey)/
√
2 and eσ+ = (ex + iey)/
√
2,
where ex and ey are unit vectors along the x and y directions,
respectively. For a TE mode input from the port 1, the in-
tensity difference distribution C is shown in Fig. 2(a). The
evanescent e-field along the outside (inside) wall is almost
σ+- (σ−-) polarized, while it is linearly-polarized in the mid-
dle of the resonator. The OC, defined as D = (|E(r) · eσ− |2 −
|E(r) · eσ+ |2)/(|E(r) · eσ− |2 + |E(r) · eσ+ |2) [58–61], figures in
what degree the field is locked to the light momentum. It is an
important value showing the chirality of the field. The value
D = 1(−1) implies the field is entirely σ−- (σ+-) polarized,
while D = 0 corresponds to a linear polarization. Clearly, our
designed resonator has nearly unity OC along both the outside
and inside walls, see Fig. 2(b). For example, when the light
enters the waveguide from the port 1 and excites the CCW
mode, the outer (inner) evanescent e-field of the WGM is σ+-
(σ−-) polarized, indicated by D ≈ −1(1). More details of the
FIG. 2. Optical chirality and field distribution. Intensity difference
C (a) and optical chirality D (b) for light with λ = 1.55 µm incident
to the port 1. White lines show the waveguide boundaries. See the
supplemental material for the case of the light incident to the port 2.
(c) Transverse distribution of the intensity difference C and the OC
D at the position indicated by the green line in (b). Blue (red) curve
describes D for light incident to the port 1 (2), and green curve de-
scribes the total electric field intensity. Black dashed lines show the
resonator boundaries of the inside and outside walls at y = −0.22 µm
and y = 0.22 µm, respectively.
fields and the OC are shown in Fig. 2(c) for the cross area
marked by the green line in Fig. 2(b). In stark contrast to the
linearly-polarized e-field at the middle of the resonator, the
evanescent e-field is a nearly-perfect circular polarization for
both cases of light incident to the port 1 and port 2. When
the light is reversed, the polarization also interchanges. We
obtain |D| > 0.99 from the surface of the outside wall to a po-
sition 280 nm away in the radial direction. This large chiral
area greatly relaxes the requirement for precisely positioning
a QD. Importantly, the intensities of the evanescent fields near
the walls are almost equal to that in the middle of the res-
onator. This feature of our design, in comparison with the
conventional bottle-shaped resonator, allows a stronger cou-
pling between a nearby QD and the resonator.
Now we go to describe the chiral and strong interaction
between a QD and the resonator. As shown in Fig. 1, a
negatively charged QD is positioned nearby the outside wall
of the resonator. It has two energy-degenerate transitions at
λq ∼ 1550 nm, driven by a circularly-polarized e-field. Note
that the light at this wavelength is transparent in silicon. It
can be an InAs self-assembled QD grown on the silicon-
dioxide/silicon substrates [62–64], with two electronic spin
ground states, |1/2〉 = | ↑〉 and| − 1/2〉 = | ↓〉, and two op-
tically excited states, |3/2〉 = | ↑↓⇑〉 and | − 3/2〉 = | ↑↓⇓〉.
The notation | ⇑〉 (| ⇓〉) denotes the spin-up (spin-down) hole
state, and | ↑〉 (| ↓〉) is for the spin-up (spin-down) electronic
state. When the QD is prepared in the |1/2〉 (| − 1/2〉) state,
it can only be driven by the σ+- (σ−-) polarized field to the
3state |3/2〉 (|3/2〉) in the absence of external magnetic field.
Initialization of the QD in either ground state has been ex-
perimentally demonstrated with a near-unity probability [65–
67]. The polarization-selective transition, |1/2〉 ↔ |3/2〉 or
| − 1/2〉 ↔ | − 3/2〉, can also be tuned to have different ener-
gies via the optical Stark effect (OSE) [68–73]. For simplicity,
we assume that the QD is completely populated in the spin
up ground state, or only allows the σ+−polarized transition,
enabled by the OSE. Thus, the QD can be treated as a two-
level system with a σ+−driven transition, see Fig. 1. It only
couples to the CCW WGM of the resonator. Note that the
OSE-based method allows an all-optical operation. In fabri-
cation, the QD can be engineered to have various resonance
wavelengths, dipole moments and decoherence rates. Here,
we assume λq ≈ 1.556 µm that ωq = ωc and a dipole moment
d = 20 Debye, yielding a spontaneous emission rate γq =
d2ω2q/3piε0~c
3 = 2pi×5.29 MHz [29]. Such parameters for the
QD are experimentally available [74–76]. The mode volume
is calculated to be Vm = 1.55 µm3, yielding the QD-resonator
coupling strength g = d
√
ωc/20~Vm = 2pi× 6.86 GHz. Thus,
we reach the strong coupling regime, g > κ, γq, when κex = κi.
In our design, the QD strongly couples to the CCW WGM
but decouples from the counter-propagating CW WGM.
Therefore, our quantum QD-resonator system is chiral and
subsequently allows one to realize the single-photon isola-
tion. Below we first investigate the single-photon isolation of
our system with the single-photon scattering method, devel-
oped by Shen and Fan[77, 78]. Then, we show the dynamic
non-reciprocity with single photons input into the two ports
simultaneously. We find the steady-state forward and back-
ward transmission amplitudes, corresponding to the input to
the port 1 and port 2 [25, 77–80], respectively,
t+ =
∆˜c
[
∆˜c∆˜q −
(
|ga|2 + |gb|2
)]
+ ∆˜qκ
2
ex − g∗agbh − gag∗bh∗ − ∆˜q|h|2 + i
(
|gb|2 − |ga|2
)
κex(
∆˜c + iκex
) [
∆˜q
(
∆˜c + iκex
)
−
(
|ga|2 + |gb|2
)]
− g∗agbh − gag∗bh∗ − ∆˜q|h|2
, (1a)
t− =
∆˜c
[
∆˜c∆˜q −
(
|gb|2 + |ga|2
)]
+ ∆˜qκ
2
ex − g∗bgah − gbg∗ah∗ − ∆˜q|h|2 + i
(
|ga|2 − |gb|2
)
κex(
∆˜c + iκex
) [
∆˜q
(
∆˜c + iκex
)
−
(
|gb|2 + |ga|2
)]
− g∗bgah − gbg∗ah∗ − ∆˜q|h|2
, (1b)
where ∆˜c = ω −ωc + iκi and ∆˜q = ω −ωq + iγq; κex = V2/2vg
is the external decay rate of the resonator due to the coupling
V to the waveguide; and vg is the group velocity of the photon
in the waveguide. ga (gb) is the coupling strength between
the CCW (CW) WGM and the QD, h models the intermode
backscattering between the CCW and CW WGMs, typically
due to the surface roughness. We define the detuning ∆c = ω−
ωc and always assume ωc = ωq. The forward and backward
transmissions are T+ = |t+|2 and T− = |t−|2, respectively. We
have |ga| = g
√
(1 − D)/2 and |gb| = g
√
(1 + D)/2.
The steady-state forward and backward transmissions for
different detunings and OCs are shown in Fig. 3(a) and (b).
For our special design, we have D = −0.99 and |h|  κi,
confirmed by the singlet peak at 1.556 µm of the transmis-
sion of the bare resonator without the QD [81]. The perfor-
mance of the single-photon isolation for D = −0.99 is shown
in Figs. 3(a). In the absence of the backscattering, i.e. h = 0,
we obtain T+ ≈ 0.99 and T− ≈ 0 at ∆c = 0, corresponding
to the insertion loss of L = −10log(T+) ≈ 0.04 dB and the
isolation contrast η = (T+ − T−)/(T+ + T−) ≈ 1 [25, 32]. Ob-
viously, the single-photon isolation is achieved with almost
zero insert loss and near-unity isolation contrast. Even for a
relatively large backscattering |h| = κi, both the forward and
backward transmissions only change very slightly, meaning
a very small reduction in the performance. The nonreciprocal
bandwidth is about 0.7κ ≈ 2pi×7 GHz, limited by the available
QD-resonator coupling strength. To our best knowledge, this
spectral window is about two-to-three orders broader than the
previous achievements [9, 16–18, 26]. As seen from Fig. 3(b),
the isolation contrast is quite robust, decreasing slowly from
1 to 0.8 as the OC decreases from −1 to −0.5. While the in-
sertion loss increases almost linearly during this region.
Many previous schemes for optical isolation suffer the dy-
namic reciprocity problem when oppositely propagating lights
enter the system at the same time [82]. Our scheme can cir-
cumvent this challenging problem. To prove this point, we
perform numerical simulations for the propagation of single-
photon wave packets incident to the port 1 and port 2 simul-
taneously [78, 80, 83], as shown in Fig. 3(c). We set the ve-
locity of light in the waveguide vg = 1, and apply the critical
coupling condition. We apply Gaussian single-photon pulses
with a bandwidth of 0.2κ. At resonance, the right-moving
single-photon can pass through the system with a transmission
T+ = 0.91. In contrast, the backward transmission probability
of a left-moving single photon is only 0.02.
When the QD is initially prepared in its excited state, it
will emit a single photon into either the CW resonator mode
or the CCW one in the strong coupling regime. The exit-
ing path of the photon is determined by the populated ex-
cited state of the QD. Therefore, by initializing the QD in
a spin-selective excited state, we can realize the unidirec-
tional emission of single photons with a deterministic polar-
ization (an eigenmode of the waveguide). We are interested
in the emission direction of photons. Thus, we replace the
QD with a circularly-polarized Gaussian-pulse electric dipole,
Ed(t) = pi−1/4τ−1/2p exp(−(t − τd)2/2τ2p) sin(ωc(t − τd)), in the
4FIG. 3. Single-photon transmission. (a) Steady-state transmissions
for |D| = 0.99. Red (blue) curves are for the forward (backward)
transmissions T+ (T−), without the backscattering, i.e. h = 0, (solid
curves) and with a backscattering of |h| = κi (dashed curves). (b) Iso-
lation contrast (blue curve) and insertion loss (red curve) as a func-
tion of the OC D for h = 0. ∆c = ∆q = 0, g ≈ 1.39κi, γq = 10−3κi,
and κex = κi. (c) Propagation of single-photon pulses incident to
the port 1 and port 2 simultaneously. Red (blue) curves show the
forward (backward) propagation of single-photon pulses input to the
port 1 (2). Solid curves are the input single-photon wavefunction,
and dashed curves for the transmitted wavefunction. Other parame-
ters are as in (a) and (b) but D = −1 for simplicity.
FDTD simulation, where τp is the duration of the dipole-
emitted photon pulse, and τd the delay. When the QD is pre-
pared in the state | − 3/2〉 corresponding to a σ−-polarized
dipole, it exclusively excites the CW mode, see Figs. 4 (a).
The emitted single photon exits the system through the port 1,
as shown in Figs. 4 (c). When the state |3/2〉 is initially popu-
lated (given a σ+-polarized dipole), the CCW mode is excited,
and the single photon comes out from the port 2 instead, see
Figs. 4 (b) and (d). The dipole is on resonance with the WGM
at λc = 1.556 µm and τp > 2pi/κ. We numerically solve the
quantum Langevin equations for calculating the single-photon
excitation collected by the waveguide [84, 85]. For a low-Q
cavity with Qin ∼ 3.9 × 104 and κex = 10κi, the emitted long-
pulsed single photon is captured by the resonator and then is
collected with an excitation of ∼ 0.91 by the waveguide, see
Fig. 4(e). Such unidirectional single-photon emission with a
deterministic polarization (TE eigenmode of the waveguide) is
important for scalable quantum computation but challenging
[86]. If the cavity intrinsic Q-factor can reach Qin ∼ 3.9× 105
(already available experimentally [53]), a time-bin single pho-
ton, useful in quantum information technologies [87, 88], is
obtained with a total excitation of 0.83 [Fig. 4(f)].
Photon blockade can be achieved in a strongly-coupled QE-
cavity system [50, 89]. A nonreciprocal version has only been
proposed recently with a fast spinning resonator [47]. Be-
cause the QD strongly couples to the CCW GWM but decou-
ples from the CW one, our solid-state device can also perform
nonreciprocal photon blockade without moving parts.
FIG. 4. (a-d) Magnetic field distributions for a circularly-polarized
dipole coupling to the microring resonator. Left (right) panels show
the magnetic field for a Gaussian-shaped σ−- (σ+-) polarized dipole
with a duration of τp = 110 ps. (a) and (b) for the instantaneous mag-
netic field |Re (H)| (for a higher visibility of the field in the waveg-
uide) at t = 30 fs. (c) and (d) for |Re (H)| at t = 120 ps. (e) Excita-
tions of the waveguide mode for κi = 2pi×4.94 GHz (Qin ∼ 3.9×104),
and κex = 10κi. (f) as in (e) but κi = 2pi × 0.494 GHz, and κex = 5κi.
Other parameters in (e) and (f) are ωc = ωq, γq = 10−3κi and
g = 2pi × 6.86 GHz fixed.
In conclusion, we have proposed a chiral single-photon in-
terface with a QD-resonator system. The evanescent e-field
of the resonator is strong and perfectly circularly-polarized
along the whole side surfaces. Thus, the resulting strong light-
matter interaction with a near-unity OC can be achieved with-
out the requirement of precisely positioning the QD as the
previous works. We further show a GHz-bandwidth single-
photon isolator and controllable unidirectional emission of
single photons. Our protocol can be extended to a chiral quan-
tum system consisting of a subwavelength resonator interact-
ing with 2D material or perovskites, prepared and operating
at room temperature [69–71, 90–92]. It provides an on-chip
platform for a multifunctional single-photon interface.
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This supplementary material will provide more details for numerical simulations of the resonator, the chiral
light-emitter interaction, the single-photon transport, and more explanation for the the time-energy entanglement.
I. DESIGN OF A CHIRAL MICRORING RESONATOR
In this section, we design a microring resonator on a silica (SiO2) wafer with an optical chirality (OC) and evaluate its
performance through numerical simulation using the commercial finite-difference time-domain (FDTD) mode solver
software (Lumerical MODE solutions, www.lumerical.com). In the simulations, the Perfect Match Layer (PML)
boundary conditions were applied in both x and y axes; metal boundary conditions were applied in z axes. A mesh
size of 10 nm for optical structure region was utilized. We consider a TE mode input. The simulation time step is
chosen to be 0.023 fs.
We focus on the OC and the strength of the evanescent electric (e-) field close to the side surface perpendicular
to the plane. The evanescent e-field becomes stronger and the OC increases as the cross section of the resonator
decreases. To obtain a large OC and a strong evanescent e-field, the cross section of the resonator is designed to
have a subwavelength width. We are interested in a resonance mode group around the communication wavelength,
i.e. λ ∼ 1550 nm. In this, the material silicon is transparent for all involved resonator modes. Through numerical
simulation, we optimize the waveguide-resonator device for the width. The structure of the device is shown in
FIG. S1(a). The resonator and the waveguide have the same width w = 440 nm and height h = 220 nm. The radius
of the resonator is R. The gap between the resonator and the waveguide is G = 190 nm. We first find a resonance
mode at λ ≈ 1556 nm for R = 4.22 µm. This resonance mode can be seen from the dip of the transmission spectrum
at 1556 nm, shown in FIG. S2(a). The vanishing small transmission at this mode indicates that the external decay
rate κex due to the loss to the waveguide is equal to the intrinsic decay rate κi of the resonator. This means that
the critical coupling regime is achieved when the waveguide separates from the resonator by G = 190 nm. The total
decay rate is κ = κex + κi.
Part of the transmission spectrum of the microring resonator is shown in FIG. S1(b). Here we show the transmissions
of four modes. The mode with an on-resonance wavelength λc ≈ 1.556 µm, corresponding to the resonance frequency
ωc ≈ 2pi× 192.67 THz, is under the critical coupling condition and thus its transmission spectrum is nearly zero. The
overall quality (Q) factor of the resonator mode can be calculated from the half-height full width, i.e. the linewidth, of
the transmission. It is determined by the total decay rate. Under the critical coupling condition, the intrinsic quality
factor Qin is twice this overall Q factor. Thus, we find Qin ∼ 3.9×104 by calculating the linewidth of the transmission
spectrum. The corresponding intrinsic decay rate of this resonator mode is thus κi = ωc/Qin ≈ 2pi × 4.94 GHz.
Through the investigation below, we focus on this mode at λc = 1.556 µm.
The profile of this mode is shown in FIG. S2. It is clear that the evanescent e-field along both the outside and
inside surface is greatly enhanced in comparison with the conventional bottle-shaped chiral resonator. Hence, it is
comparable with the maximal value of the e-field in the middle of the resonator [see FIG. S2(b)]. It can be seen
from the smooth spatial distribution of the e-field in FIG. S2 and the singlet dip of the transmission spectrum at
∼ 1.556 µm in FIG. S1(b) that the intermode backscattering is very small and can be neglected.
Now we go to calculate the OC of the evanescent e-field. The OC of the resonator mode is illustrated in FIG. S3
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2FIG. S1: (color online). (a) Structure for the waveguide-resonator device on a silica wafer. (b) Transmission spectrum of the
microring resonator.
FIG. S2: (color online). Intensity distribution |E(r)|2 of the resonator mode at 1.556 µm wavelength in the microring resonator.
White lines and circles indicate the boundaries of the waveguide and the resonator. (a) The intensity distribution in the whole
resonator system. (b) A zoom-in profile within the green box (a).
for light input to the ports 1 and 2. To calculate the OC, we first divide the e-field into two orthogonal components,
the σ−- and σ+-polarized components as E−(r) = E(r) · eσ− and E+(r) = E(r) · eσ+ with eσ− = (ex − iey)/
√
2
and eσ+ = (ex + iey)/
√
2, where ex and ey are unit vectors along the x and y directions, respectively. We first
plot the intensity difference, C = (|E−(r)|2 − |E+(r)|2), in the left panel of FIG. S3. It can be seen, for our special
design, that the σ+ polarization is dominant along the outside surface of the resonator when the light incidents to the
system from the port 1 and excites the counter-clockwise (CCW) mode. For light input to the port 2 and exciting the
clockwise (CW) mode, the polarization of the evanescent e-field is reversed because of the relation E−k(r) = E∗k(r).
Obviously, the spin of the resonator mode is locked to the propagation direction of the light. Thus, our design
resonator is chiral and possesses the so-called spin-momentum locking. After that, we calculate the OC, defined as
D = (|E−(r)|2− |E+(r)|2)/(|E−(r)|2 + |E+(r)|2) [1–3], of the resonator mode for two cases of light input to the ports
1 and 2. Obviously, we have −1 ≤ D ≤ 1. As shown in FIG. S3, the OC is nearly −1 for a left input, while it becomes
1 for an opposite input to the port 2. Here, we only show the OC around the resonator and the waveguide where we
are interested in. Therefore, our resonator has a nearly perfect evanescent e-field. This is the basis of our proposal
for the chiral single-photon interface.
II. LIGHT-EMITTER INTERACTION
We consider a quantum system where a negatively charged quantum dot (QD) with spin-selective transitions is
nearby the resonator and couples to the resonator mode. In this section, we estimate the available light-QD interaction
strength, which is determined by the dipole moment d of the QD and the strength of the evanescent e-field.
3FIG. S3: (color online). Chiral e-field distributions. (a) and (b) Intensity difference C between the σ−- and σ+-polarized
components of the e-field and the OC D for light input to the port 1. (c) and (d) as for (a) and (b) but for light input to the
port 2.
The effective volume of the fundamental mode of the resonator is evaluated by [4]
Vm =
∫
dV ε (r) |E(r)|2
max
(
ε (r) |E(r)|2
) , (S1)
where (r) is the electric permittivity of the material at position r. According to our numerical simulation, the
mode volume of our resonator at λc = 1.556 µm is about 1.55 µm
3. Correspondingly, the strength of the zero-point
fluctuation of this mode is E0 =
√
~ωc
20Vm
≈ 6.82× 104 V/m, where 0 is the vacuum permittivity and ~ is the Planck
constant. In start contrast to the conventional Whispering-Gallery mode resonator with a large cross section, the
evanescent e-field in our device is close to the maximal amplitude. Thus, it is reasonable to assume that the strength
of the e-field coupling to the QD is E0.
In FIG. S4(a), in the absence of a magnetic field, the dipole-allowed transition can only occur between the spin
ground state |1/2〉 (|−1/2〉) and the trion state |3/2〉 (|−3/2〉), driven by a σ+(σ−)-polarized light. The spin-flip
Raman transitions, |1/2〉 ↔ | − 3/2〉 (| − 1/2〉 ↔ |3/2〉), are dipole-forbidden. Thus, this QD can be treated as a
doubled two-level system without an external magnetic field.
In FIG. S4(b), by applying a magnetic field along the direction perpendicular to the grown direction, the spin-flip
Raman transitions are enabled, and can couple to a linearly-polarized e-field, i.e. a V or H polarized field. In this case,
the spin ground state |1/2〉 or | − 1/2〉 can be selectively prepared with a nearly-unit possibility [5–7]. In FIG. S4(c),
once the spin ground state, e.g. |1/2〉, is populated, the QD can be treated as a two-level system with a dipole moment
interacting with a σ+-polarized e-field. After initialization, we can switch off the magnetic field.
Alternatively, we can break the energy degeneracy of transitions |1/2〉 ↔ |3/2〉 and | − 1/2〉 ↔ |− 3/2〉 by inducing
a large optical Start shift with a large detuned circularly-polarized laser [8–13], as depicted in FIG. S5. We consider
that the σ+-polarized transition is shifted by a σ+-polarized classical laser to be on-resonance with the CCW WGM.
4FIG. S4: (color online). Energy level diagrams for a negatively charged QD with a single electron. (a) Four-level configuration
in the absence of a magnetic field. (b) Four-level configuration with dipole-allowed transitions, enabled by a magnetic field
along the X direction. (c) The trion system which has been pumped with linearly polarized light at the magnetic field can be
considered as a two-level structure only with σ+ polarized light excitation at zero magnetic field.
The σ+-polarized transition of the QD decouples to the resonator due to a large detuning ∆− = ∆c + 2∆OSE. In
doing so, we can also treat the QD as a two-level system with only σ+-polarization-driven transition. Importantly,
this protocol allows an all-optical single-photon isolation.
FIG. S5: (color online). Creating a polarization-selective transition in the QD via the OSE. A σ+-polarized classical laser Ωs
with a detuning ∆s from the σ
+-polarized transition |1/2〉 ↔ |3/2〉 is applied to shift the transition energy by ∆OSE = 2 Ω
2
s
∆s
.
The σ−-polarized WGM decouples from the QD because it is detuned by ∆− from the relevant transition | − 1/2〉 ↔ | − 3/2〉.
Self-assembled quantum dots can be engineered to possess a transition at 1.556 µm and their dipole moment can
vary from a few Debye to 40 Debye [14]. Here, we chose the dipole moment d of the QD to be |d| = 20 Debye. We
assume that the QD is on resonance with the resonator mode at 1.556 µm. Thus, the light-QD coupling rate is
g =
d ·E0
~
= 2pi × 6.86 GHz . (S2)
The decay rate γq of the QD is determined by its resonance frequency ωq and dipole moment d according to the
relation [15, 16]
γq =
|d|2ω3q
3piε0~c3
, (S3)
5where c is the light speed in vacuum. Setting |d| = 20 Debye and ωq = ωc, we obtain γq = 2pi × 5.29 MHz.
III. SINGLE-PHOTON TRANSPORT MODEL IN REAL SPACE
We solve the steady-state transmission using the single-photon transport model in real space, developed by Shen
and Fan[17]. The Hamiltonian H below describes the motion of system, consisting of a waveguide, a whispering-gallery
mode (WGM) resonator and a two-level system (prepared QD). The Hamiltonian H modeling the single-excitation
system is given by
H/~ =
∫
dxc†R (x)
(
ω0 − ivg ∂
∂x
)
cR (x) +
∫
dxc†L (x)
(
ω0 + ivg
∂
∂x
)
cL (x)
+ (ωc − iκi) a†a+ (ωc − iκi) b†b+ (Ωe − iγq) a†eae + Ωga†gag
+
∫
dxδ (x)
(
Vac
†
R (x) a+ V
∗
a a
†cR (x)
)
+
∫
dxδ (x)
(
Vbc
†
L (x) b+ V
∗
b b
†cL (x)
)
+ gaaS+ + g
∗
aa
†S− + gbbS+ + g∗bb
†S−
+ hb†a+ h∗a†b ,
(S4)
where c†R/L (x) is a Bosonic operator creating a right- or left-moving photon at x; a
† and b† are the creation operators
for the counterclockwise(CCW) and clockwise(CW) WGM, respectively; Both have the same frequency ωc, a
†
e(a
†
g) is
the creation operator of the excited (ground) state of the two-level system; S+ = a
†
eag (S− = a
†
gae) is the raising
(lowering) operator; Va/b is the waveguide-resonator coupling strength of each WGM; ga/b is the QD-resonator coupling
strength for each respective WGM; κi and γq are the intrinsic decay rate of the resonator and the relaxation rate of
the QD, respectively; vg is the group velocity of the photon in the waveguide; Ωe − Ωg (≡ ωq) is the QD transition
frequency; h is the intermode backscattering strength.
A general state for the system takes the form as
|ψ〉 =
∫
dx
[
φ˜R (x, t) c
†
R (x) + φ˜L (x, t) c
†
L (x)
]
|∅〉+ [e˜a (t) a† + e˜b (t) b† + e˜q (t)S+] |∅〉 , (S5)
associated with the eigenvalue ω, so that X˜ = e−iωtX with X ∈ {φR, φL, ea, eb, eq}. φ˜R/L (x, t) is the single-photon
wave function of the right- or left-moving mode; e˜a/b is the excitation amplitude of each respective WGM; e˜q is
the excitation amplitude of the QD. |∅〉 is the vacuum state, which has zero photon in the system and with the
QD in the ground state. For the purpose of solving the transmission amplitude of an incident single photon, we
take φR (x) = e
iqx [θ (−x) + t+θ (x)], φL (x) = r+e−iqxθ (−x) for a left-hand (right-moving) incident photon and
φL (x) = e
−iqx [θ (x) + t−θ (−x)], φR (x) = r−eiqxθ (x) for a right-hand (left-moving) input at location x[18, 19],
where q is the wave vector of the input field around the frequency ω, t± is the transmission amplitude, and r± is the
reflection amplitude. θ (x) is the Heaviside step function that θ (x) |x=0 = 1/2 , ∂θ(x)∂x
∣∣
x→0+ = 1,
∂θ(x)
∂x
∣∣
x→0− = −1
[17, 19].
Based on the Schro¨dinger equation i~ ∂∂t |ψ〉 = H |ψ〉 in the real space, we can derive the steady-state solution
that for transmission amplitudes. In our case, the photon only drives the σ+ transition of the QD, and we have
|Va| = |Va| ≡ V . The decay rate of the resonator due to the external coupling V to the waveguide is given by
κex ≡ V 2
/
2vg.
To consider a general case in which the evanescent field of the ring resonator is not perfectly circularly polarized,
we define α = |ECCW · eσ+ | / |ECCW| and β = |ECCW · eσ− | / |ECCW| with α2 + β2 = 1. α and β indicate the
projection of the field to the unit vector eσ+ and eσ− , respectively. The modes of the ring resonator are time-reversal
symmetric. Therefore, we have ωCCW = ωCW and ECCW(r) = E
∗
CW(r), implying that |ECW · eσ− | / |ECW| = α
and |ECW · eσ+ | / |ECW| = β, and yielding D = (|ECCW · eσ− |2 − |ECCW · eσ+ |2)/(|ECCW · eσ− |2 + |ECCW · eσ+ |2) =
(β2−α2)/(β2+α2). Thus, we can obtain α = √(1−D)/2 and β = √(1 +D)/2. The evanescent field ECCW(ECW) of
the CCW(CW) mode drives the σ+-polarized transition of the QD. The coupling strengths are |ga| ∝ |d · (ECCW · eσ+)|
and |gb| ∝ |d · (ECW · eσ+)|, respectively, where d is the electric dipole moment of the QD. In this, we get |ga| = αg,
|gb| = βg. For instance, D = −1 corresponding to α = 1 and β = 0; D = −0.99 corresponding to α =
√
0.995 and
β =
√
0.005.
6Using the single-photon transport method, we can find the steady-state transmission, as shown in FIG. S6. The
bandwidth for photon isolation is crucially dependent on the resonator-QD interaction, but the isolation contrast
remains unchanged at resonance, i.e. at ∆c = 0. It can be seen from FIG. S6(a) that the nonreciprocal spectral window
becomes narrower and narrower as the resonator-QD coupling strength decreases. For example, the bandwidth for
g = 2κi, 1.5κi, κi is about 2pi×12.10 GHz, 2pi×7.90 GHz, and 2pi×3.95 GHz. The change of the QD decay causes the
increase of the insert loss but has little influence on the nonreciprocal bandwidth, see FIG. S6(b). The insert loss L
increases from 0.57 dB to 1.70 dB as γq increases from 2pi× 300 MHz to 2pi× 1 GHz. In contrast, the backscattering
has a complicate impact on the transmission spectra, see FIG. S6(c). Basically, it reduces the bandwidth of photon
isolation.
FIG. S6: (color online). Steady-state transmissions. Red (blue) curves are for the forward-moving (backward-moving)
transmissions T+ (T−). (a) The steady-state transmission for |D| = 0.99, γq = 2pi × 5.29 MHz and |h| = 0. Solid, dashed and
dotted curves are for g = 2κi, 1.5κi and κi, respectively. (b) The steady state transmission for |D| = 0.99, g = 2pi × 6.86 GHz
and |h| = 0. Solid, dashed and dotted curves are for γq/2pi = 300 MHz, 600 MHz and 1 GHz, respectively. (c) The steady state
transmission for |D| = 0.99, g = 2pi × 6.86 GHz and γq = 2pi × 5.29 MHz; solid, dashed and dotted curves are for |h| = κi, 2κi
and 3κi, respectively.
IV. TIME EVOLUTION OF SINGLE-PHOTON PULSES
The steady-state solution has shown the isolation when a single photon is injected into either the forward or
backward direction. Here, we check how well our single-photon isolator works when single-photon wavepackets enters
the system from two opposite directions simultaneously. To do so, we numerically simulate the time evolution of
a single-photon pulse in the wave vector (k) space. We concentrate on the propagation of the single-photon wave
packets through the QD-resonator system in the ideal case with a unity OC, i.e. |D| = 1. We start our discussion
from the Hamiltonian of the system in the k space, H = H0 +HI [18, 20]:
H0/~ =
∫
dkωkc
†
kck +
∫
dkωkd
†
kdk + (ωc − iκi)a†a+ (ωc − iκi)b†b+ (ωq − iγq)a†eae , (S6a)
HI/~ =
∫
dkVk(c
†
ka+ a
†ck) +
∫
dkVk(d
†
kb+ b
†dk) + g(S+a+ a†S−) , (S6b)
where H0 is the Hamiltonian of the system, including the waveguide, ring resonator and the QD, HI is the Hamiltonian
of the interaction between the waveguide and the ring resonator, and the QD-resonator interaction; c†k (d
†
k) is the
creation operator for the right- or left-moving photon with a wave vector k; Vk is the coupling strength the resonator
mode and the waveguide mode with a wave vector k; the definitions of a†, a†e, S+, S−, ωc, ωq, κi, γq and g are the
same as in section III.
For an arbitrary frequency ω0 of a propagating waveguide mode that is away from the cutoff of the dispersion, with
the corresponding wave vector ±k0, one can approximate ωk around k0 and −k0 as [20]∫
k'k0
dkωkc
†
kck '
∫
k'k0
dk[ω0 + vg(k− k0)]c†kck , (S7a)∫
k'−k0
dkωkc
†
kck '
∫
k'−k0
dk[ω0 − vg(k+ k0)]c†kck . (S7b)
7In our system, we define ∆c = ω0−ωc and ∆q = ω0−ωq. When the resonance frequency of the QD is away from the
cutoff frequency of the dispersion relation, we can rewrite the Hamiltonian in the k space as
H0/~ = vg
∑
k
(k− k0)c†kck − vg
∑
k
(k+ k0)d
†
kdk − (∆c + iκi)a†a− (∆c + iκi)b†b− (∆q + iγq)a†eae , (S8a)
HI/~ =
∑
k
Vk(c
†
ka+ a
†ck) +
∑
k
Vk(d
†
kb+ b
†dk) + g(S+a+ a†S−) . (S8b)
For a single-photon wave packet, the general state of the system takes the form [17]
|ψ〉 =
∑
k
φck(k, t)c
†
k |∅〉+
∑
k
φdk(k, t)d
†
k |∅〉+ ea(t)a† |∅〉+ eb(t)b† |∅〉+ eq(t)S+ |∅〉 , (S9)
where φck(φ
d
k) is the wave packet of the right- (left-) moving photon appearing at x in the waveguide. ea (eb) is the
excitation of the CCW (CW) WGM, and eq is the excitation of the QD in the σ
+-polarized transition, |∅〉 is the
vacuum state.
Substituting Eqs. S8 and S9 into the Schro¨dinger equation i~ ∂∂t |ψ〉 = H |ψ〉, we get the following set of equations
of motion for the propagation of single-photon wave packets in the k space:
i∂tφ
c
k(k, t) = vg(k− k0)φck(k, t) + Vkea(t) , (S10a)
i∂tφ
d
k(k, t) = −vg(k+ k0)φdk(k, t) + Vkeb(t) , (S10b)
i∂tea(t) = −(∆c + iκi)ea(t) + Vkφck(k, t) + geq(t) , (S10c)
i∂teb(t) = −(∆c + iκi)eb(t) + Vkφdk(k, t) , (S10d)
i∂teq(t) = −(∆q + iγq)eq(t) + gea(t) . (S10e)
Numerical integration of this set of derivative equations can obtain the time-evolution of the photon wave packet.
In our case, we need the initial state for the input φck(k, 0) and φ
d
k(k, 0), which can be found from φ+(x, 0) and
φ−(x, 0) by applying the Fourier transformation. We assume that Vk = V for all k within the band of the input
single-photon pulse. Here, we assume Gaussian pulse wave packet inputs from both the left-hand and right-hand
sides at the same time that φ(x, 0) = φ+(x, 0) + φ−(x, 0) where φ+(x, 0) = pi−1/4τ
−1/2
p exp(−(x− x0L)2/2τ2p )/
√
2
and φ−(x, 0) = pi−1/4τ
−1/2
p exp(−(x− x0R)2/2τ2p )/
√
2, where τp is the spatial duration of the pulse, and x0L (x0R)
indicates the position away from the resonator in the left-hand (right-hand) side. The input is normalized to include
a single excitation,
∫ +∞
−∞ φ
∗(x, 0)φ(x, 0)dx = 1. However, the input is a superposition of single-photon wavepacket
with
∫ +∞
−∞ φ
∗
+(x, 0)φ+(x, 0)dx = 1/2 and
∫ +∞
−∞ φ
∗
−(x, 0)φ−(x, 0)dx = 1/2. We set the velocity of light in the waveguide
vg = 1, and choose a number for V that the critical coupling condition holds. Other parameters are g = 1.39κi and
γq = 10
−3κi.
Then we solve the equations Eqs. S10a ∼ S10e, and obtain the solution with the state (φck(k, tm), φdk(k, tm)) as
the photon wave packets pass through the QD-resonator system at t = tm. After obtaining these wave packets in the
k space, we do the inverse Fourier transformation to get φ+(x, tm) and φ−(x, tm) in real space. Finally, we obtain
time-dependent transport of this single-photon wave packet that is presented in our main texts, see Fig. 3(c).
We also numerically solve the transmission spectra using the same parameters but a short input single-photon pulse.
The numerical results are in excellent agreement with the stead-state solutions, see FIG. S7. The numerical and the
analytic solutions are completely overlapped.
V. INFLUENCE OF A BACKSCATTERING
Here we discuss the influence of the backscattering in the resonator due to some impurity or surface roughness.
Basically, the backscattering causes the coupling between the two opposite-propagation modes, i.e. the CW and
CCW modes. For example, the left-hand incident photon excites the CCW mode dominantly. In the presence of a
backscattering, the CCW mode couples to the CW mode to some degree. Phenomenally, it results in the splitting of
the transmission spectrum. However, a large decay rate of the resonator mode, corresponding to a low Q factor, can
significantly suppress the backscattering process. To evaluate the influence of the backscattering on the performance
of our device, we consider a backscattering rate h, resulting in an interaction Hamiltonian Hsc = ha
†b + h∗ab†. We
denote the CCW and CW modes a and b. These two ring resonator modes typically have the same intrinsic decay
rate κi and the same external decay rate κex that κ = κi + κex. They have a degenerate resonance frequency. The
8FIG. S7: (color online). The forward (a) and backward (b) transmissions of the steady-state solution (red dashed curves) and
numerical results (blue solid curves).
quantum Langevin equation describing the motion of these two modes, driven by an external field with a detuning
∆in, takes the form
a˙ = −i∆ina− κa+
√
2κexαin − ihb , (S11a)
b˙ = −i∆ina− κb− ih∗a , (S11b)
for a where the input αin excites the mode a. We can easily get the steady-state solution as
a =
(i∆in + κ)
√
2κexαin
(i∆in + κ)2 + |h|2 , (S12a)
b =
−ih∗√2κexαin
(i∆in + κ)2 + |h|2 . (S12b)
Thus, we have |b/a|2 = |h|2/κ2 for ∆in = 0. This means that the influence of the backscattering is very small if |h|  κ.
Therefore, the transmission spectrum of a ring resonator with a low Q factor will be robust against the backscattering.
In other word, the excitation of its unwanted mode (here it is the CW mode b) due to the backscattering is negligible.
VI. TIME-BIN EMISSION
We consider an interaction between a two-level system (a single prepared QD) and a cavity mode. In our case, the
two-level system is a negatively-charged QD prepared in one of the hole-spin excited states. Thus, it emits a single
photon into either the CCW mode or the CW mode. The cavity mode has a decay rate of κ = κi + κex as mentioned
above. Before discussing the single-photon emission, we first present a formula for the collection efficient of photons
decaying from the cavity with out the QD to the nearby waveguide. Assuming that the bare cavity is prepared in
a state with photon number 〈a†(0)a(0)〉. The evolution of the bare cavity is governed by the quantum Langevin
equation
a˙(t) = −(κi + κex)a(t) . (S13)
The solution is
a(t) = e−(κi+κex)ta(0) . (S14)
The photon number in the cavity is
〈a†(t)a(t)〉 = e−2(κi+κex)t〈a†(0)a(0)〉 . (S15)
9In the absence of external driving, using the input-output relation aout =
√
2κex, the total photon number collected
in the waveguide can be calculated as
nWG =
∫ +∞
0
〈
a†out(t)aout(t)
〉
dt
= 2κex
∫ +∞
0
〈
a†(t)a(t)
〉
dt
=
κex
κex + κi
.
(S16)
Thus, to collect the photons from the cavity efficiently, we need that the waveguide is overcoupled to the cavity, i.e.
κex  κi.
For the single-photon emission, no external field is input into the system. The Hamiltonian describing the dynamics
of the system can be written as
H = ωca
†a+ ωqS+S− + g(S+a+ a†S−) , (S17)
where the definitions of a†, S+, S−, ωc, ωq, and g are the same as in section III. In our case, we have ωc = ωq and
γq  κ. We use the Tan’s quantum toolbox [21] to simulate the evolution of the QD-resonator system and calculate
the excitation of a single photon entering the waveguide. The numerical result is shown in Figs. 4(e) and (f).
[1] Y. Tang and A. E. Cohen, Phys. Rev. Lett. 104, 163901 (2010).
[2] K. Y. Bliokh and F. Nori, Phys. Rev. A 83, 021803 (2011).
[3] J. E. Va´zquez-Lozano and A. Mart´ınez, Phys. Rev. Lett. 121, 043901 (2018).
[4] K. Srinivasan and O. Painter, Phys. Rev. A 75, 69 (2007).
[5] M. Atatu¨re, J. Dreiser, A. Badolato, A. Ho¨gele, K. Karrai, and A. Imamoglu, Science 312, 551 (2006).
[6] X. Xu, Y. Wu, B. Sun, Q. Huang, J. Cheng, D. G. Steel, A. S. Bracker, D. Gammon, C. Emary, and L. J. Sham, Phys.
Rev. Lett. 99, 097401 (2007).
[7] X. Xu, B. Sun, P. R. Berman, D. G. Steel, A. S. Bracker, D. Gammon, and L. J. Sham, Nat. Phys. 4, 692 (2008).
[8] P. M. Vora, A. S. Bracker, S. G. Carter, T. M. Sweeney, M. Kim, C. S. Kim, L. Yang, P. G. Brereton, S. E. Economou,
and D. Gammon, Nat. Commun. 6, 7665 (2015).
[9] C.-K. Yong, J. Horng, Y. Shen, H. Cai, A. Wang, C.-S. Yang, C.-K. Lin, S. Zhao, K. Watanabe, T. Taniguchi, S. Tongay,
and F. Wang, Nat. Phys. 14, 1092 (2018).
[10] Z. Ye, D. Sun, and T. F. Heinz, Nat. Phys. 13, 26 (2017).
[11] D. Giovanni, W. K. Chong, H. A. Dewi, K. Thirumal, I. Neogi, R. Ramesh, S. Mhaisalkar, N. Mathews, and T. C. Sum,
Sci. Adv. 2, e1600477 (2016).
[12] K. Xia and J. Twamley, Phys. Rev. X 3, 031013 (2013).
[13] K. Xia, G. K. Brennen, D. Ellinas, and J. Twamley, Opt. Express 20, 27198 (2012).
[14] H. Htoon, T. Takagahara, D. Kulik, O. Baklenov, A. Holmes Jr, and C. Shih, Phys. Rev. Lett. 88, 087401 (2002).
[15] M. O. Scully and M. S. Zubairy, “Quantum optics”Cambridge University Press, Cambridge, England, 1997, Chap.6 .
[16] P. Solano, J. A. Grover, J. E. Hoffman, S. Ravets, F. K. Fatemi, L. A. Orozco, and S. L. Rolston, Adv. At. Mol. Opt.
Phys. 66, 439 (2017).
[17] J.-T. Shen and S. Fan, Phys. Rev. A 79, 023838 (2009).
[18] J.-T. Shen and S. Fan, Opt. Lett. 30, 2001 (2005).
[19] K. Xia, G. Lu, G. Lin, Y. Cheng, Y. Niu, S. Gong, and J. Twamley, Phys. Rev. A 90, 043802 (2014).
[20] J.-T. Shen and S. Fan, Phys. Rev. A 79, 023837 (2009).
[21] S. M. Tan, J. Opt. B: Quantum Semiclass. Opt. 1, 424 (1999).
